The effect of montmorillonite on the hydration reactions and fluidity of cement paste was investigated using comb-type superplasticizer or sodium gluconate. When comb-type superplasticizer was added, montmorillonite affected the retardation action of the initial hydration reaction in the cement and the dispersion significantly. When sodium gluconate was added, the effect of the montmorillonite on the retardation action was smaller compared with that of the comb-type superplasticizer. The amount of comb-type superplasticizer adsorbed on the cement particles is reduced significantly by the addition of montmorillonite. In the case of sodium gluconate, the amount adsorbed on the cement particles is also decreased by the addition of montmorillonite. However the adsorbed amount of sodium gluconate on montmorillonite is smaller compared with that of superplasticizer on montmorillonite.
Introduction
High performance air-entraining (AE) water-reducing agents are an indispensable material in concrete structures (Ohta et al. 1997; Nawa et al. 2006) . In recent years, these agents, which contain comb-type plasticizers as the main ingredient, have been used commercially in concrete structures (Yamada et al. 2000) . Comb-type superplasticizers are graft chains such as non-ionic polyethylene oxide, which are referred to as polycarboxylate-based superplasticizers. Many researchers have reported the influence of certain ions such as SO 4 2-on the dispersion-adsorption mechanisms of polycarboxylate-based superplasticizers (Yamada et al. 2001) . In particular, the relationship between the molecular structure, shrinkage and adsorption inhibition of polycarboxylate-based superplasticizers and the influence of SO 4 2-on the fluidity of concrete with polycarboxylate-based superplasticizers has become clear Atarashi et al. 2004a) .
On the other hand, it has been reported that the fluidity of concrete with superplasticizers is remarkably influenced by the characteristics of fine aggregates (Blockhaus et al.) , and that superplasticizers are also adsorbed on fine aggregates (Nakamura et al. 1999) . It was suggested that the fluidity of concrete with polycarboxylate-based superplasticizers is reduced by adding clay minerals (Jecknavorian et al. 2003) . And in the case of limestone aggregate, it is believed that these fine particles include a reasonable amount of clay minerals. The Japan Concrete Institute research committee on fine limestone particles has reported on the relationship between the CaCO 3 component and flow: adding high performance AE water-reducing agent and reducing the CaCO 3 component content reduces the fluidity of concrete (Committee Report and Collected Papers, JCI-C44 1998) . This is thought to occur mainly because the clay minerals in the fine limestone particles absorb water, and because the high performance AE water-reducing agent is adsorbed on the clay minerals. The effect of clay minerals on the adsorption and dispersion mechanisms of comb-type superplasticizers has been investigated (Atarashi et al. 2003; Ng et al. 2012; Zhang et al. 2012) . The influence of clay minerals on fluidity has been determined quantitatively; when superplasticizers interact with the clay minerals, their fluidity can be reduced significantly (Atarashi et al. 2004b; Sakai et al. 2006) . Wang et al. discussed the adsorption of polycarboxylate-based superplasticizer onto natural bentonite (Wang et al. 2012) . Also, if the molecular structure of comb-type superplasticizer is varied, then the interaction with clay minerals also changes (Lei et al. 2012 (Lei et al. , 2014 . It is expected that the effect on fluidity will also vary, and further study is required in this regard.
Strong demand exists for ways to reduce environmental loads, for example by reusing fresh concrete waste. The reuse of the unhydrated cement portion in sludge water by using setting retarders has been proposed. Carboxylates such as sodium gluconate (GLNa) are used as setting retarders, and the mechanisms of this action of delaying the hydration reaction of cement by adsorption of GLNa on the cement particle surface have been de-1 termined (Song et al. 2008 , Atarashi et al. 2012 . However, it is expected that clay minerals originating from the aggregates are mixed with the sludge water as fine particles. It is therefore necessary to consider the possibility of interaction between the setting retarder and the clay minerals, which could affect the setting retardation. The adsorption properties of the setting retarder on the clay minerals and its interaction with clay minerals must be determined. To date, limited studies involving the quantitative analysis of adsorption of setting retarder or superplasticizers onto clay minerals in cement systems have been conducted in this area.
This paper describes a basic study investigating the interaction between comb-type superplasticizers and setting retarders to ensure cement and concrete quality. This study was done by investigating the effect of clay minerals on the hydration reaction and fluidity of cement paste to which comb-type superplasticizers and setting retarder were added, and by determining the adsorption properties of comb-type superplasticizers and setting retarder on clay minerals quantitatively. The clay mineral montmorillonite was added to ordinary Portland cement (OPC) to model the clay minerals mixed into a cementitious system.
Experimental method

Materials
Na-type montmorillonite (produced in Tsukinuno, Yamagata Prefecture) was added to OPC. The effect of clay minerals on superplasticizer adsorption and setting retarder and on the dispersion action and hydration reaction was investigated.
OPC with a Blaine specific surface area of 3310 cm 2 /g and montmorillonite with a specific surface area of 750 m 2 /g measured with the BET N 2 adsorption method were used. Their chemical compositions are given in Tables 1 and 2, respectively.
The two comb-type superplasticizers used in this study were polymers produced using polyoxyethylene monoaryl monomethyl ether (α-arylmethoxy polyoxyethylene) (X), amorphous maleic acid (Y), and a small quantity of styrene as monomers. Polyethylene oxide was used as a graft chain, and the degree of polymerization (n) was 10 and 34, respectively, producing copolymers with monomer (X) and (Y) proportions close to 1:1. The two types of polymer had main chains of approximately the same length but with different side chain lengths, and hereafter they are referred to as P-10S and P-34. Figure 1 shows the molecular structure of the comb-type superplasticizer. Table 3 shows the side chain length (n), mean weight of comb-type superplasticizer and the amount of carboxyl groups.
High quality reagent GLNa was used as the setting retarder.
Test outline
Up to 1% fine material is acceptable in coarse aggregate. Normal concrete (W/C; 0.5, compressive strength of 30 to 40 MPa) contains about 1000 kg coarse aggregate and 400 kg cement for 1 m 3 concrete. If half of the fine material is montmorillonite, and the maximum amount of montmorillonite in concrete is about 5 kg, the ratio of fine material for cement is about 1%. Therefore, in this study, the montmorillonite concentration was varied between 0 and 1.0 mass% of total powder. The two powders were mixed for 3 min. The P-10S and P-34 with different structures, and the GLNa as setting retarder were added at 0.1 mass% of the cement. Each of the pastes with 0.1 mass% P-10S, P-34 and GLNa but without montmorillonite addition showed similar fluidity. The dosage rate was therefore set to 0.1 mass%. The comb-type superplasticizers may also contain impurities such as low molecular weight non-grafted polyethylene oxide oligomers produced during the polymerization process. However, since these impurities do not act as dispersing agents, their concentration, determined from GPC analysis, was used to adjust the total superplasticizers concentration when added. Table 3 Properties of comb-type superplasticizer.
Polymerization of graft chain (length)
Mean weight Carboxyl groups number per unit weight (mol/ g) P-10S 10 12000 0.00324 P-34 34 23700 0.00118 R: CH3 Using the above reagents, a paste was produced by mixing the ingredients manually for 10 min using a spatula and mixing bowl with water/cement ratio of 0.32 by mass. The following items were investigated (at 20°C). 1) Evaluation of initial heat liberation of cement hydration To determine the effect on the hydration reaction, the rate of heat liberation of hydration was measured using a 12-point sandwich-type multi-channel-twin conduction calorimeter (SCM-12L, Tokyo Rico Co., Ltd., Tokyo, Japan). According to Sakai et al., this calorimeter can be used to measure the heat of hydration that should be related to reactions in the cement paste and can indicate the cement quality (Sakai et al. 1996) . Time (T1) at which the heat liberation rate peaks was recorded and used as an evaluation index of hydration retardation in this study.
2) Evaluation of fluidity
Using a stress-controlled rotating double cylindrical type rheometer (RT20Z41TI, HAAKE, Germany), the shear stress was varied from 0.54 Pa → 200 Pa → 0.54 Pa and the fluidity curves were measured. The curves were considered to match those of a Bingham fluid, and using the following equation, the yield stress and the apparent viscosity were calculated to evaluate the fluidity:
where τ: shear stress, τ 0 : yield stress, η: apparent viscosity, and γ: shear strain rate.
3) Measurement of amount of superplasticizer adsorption Centrifugal separation was carried out on the blended paste at 5000 rpm (840G) for 10 min, and the solid and liquid phases were separated. After centrifugal separation, the concentration of comb-type superplasticizer and GLNa remaining in the liquid phase was calculated from the carbon concentration measured using a total organic carbon analyzer (TOC 5050A, Shimadzu Corporation, Kyoto, Japan). From the difference in initial added concentration, the amount of comb-type superplasticizer and GLNa adsorbed on the powder material (both the cement and the montmorillonite) was calculated. The adsorption amount of comb-type superplasticizer and sodium gluconate on montmorillonite in the cement pore solution system was also calculated. Cement pore solution was obtained from the 10 min mixed ordinary Portland cement paste (W/C; 1.0) by centrifugal separation. 4) Adsorption mechanism of superplasticizer on clay mineral To investigate the interactions of clay minerals with comb-type superplasticizer and GLNa, montmorillonite swollen with these solvents was coated on slide glass, and dried at 80°C for 15 min. Reagents were analyzed using X-ray diffractometry (XRD, Rigaku, Tokyo, Japan), and the variation in basal spacing was investigated. Figure 2 shows the effect of montmorillonite addition on the heat liberation of cement hydration for no superplasticizer and 0.10 mass% dose of comb-type superplasticizer P-10S and P-34 and setting retarder GLNa.
Results and discussion
Effect of clay minerals on initial hydration reaction of cement containing comb-type superplasticizer and setting retarder
When no superplasticizer or GLNa is added, T 1 does not vary with increases in montmorillonite dose rate from 0 to 1.0 mass% over 10 h. Montmorillonite on its own therefore does not affect the hydration of cement.
When 0.10 mass% P-34 comb-type superplasticizer is added, T 1 is 15 h without montmorillonite, and thus the initial hydration of the cement is delayed compared with no superplasticizer addition. As the percentage of montmorillonite is increased, T 1 decreases. At 1.0 mass%, the T 1 is 10 h, or the same as for the case without superplasticizer addition. When 0.10 mass% P-10S is added, the effect of superplasticizer on the initial cement hydration is particularly distinct. With no montmorillonite addition, the T 1 is 30 h. Therefore, the initial hydration of cement is delayed compared with the same percentage addition of P-34. It is considered that the difference of T 1 between P-10S and P-34 is caused by the amount of functional groups (carboxyl groups) in each superplasticizer. P-10S having larger amount of functional groups affected the initial hydration of cement compared with P-34 having smaller functional groups. As the percentage of montmorillonite increases, T 1 is reduced significantly, and at 1.0 mass%, T 1 is 12 h.
The dosage of 0.10 mass% of GLNa, with no montmorillonite, results in a T 1 of 15 h. Therefore, montmorillonite addition causes almost no variation in T 1 . the fluidity of the cement paste to which 0.10 mass% P-10S, P-34 and GLNa were added. For comparison, the apparent viscosity for the case with no added superplasticizer, setting retarder and montmorillonite is shown in the graph as a circle. When GLNa is added, the apparent viscosity is almost the same as that for the comb-type superplasticizer with no montmorillonite added, but this is because the dispersion effect is exhibited by GLNa adsorbed on the surface of the cement particles.
Effect
When 0.10 mass% comb-type superplasticizer P-10S and P-34 is added, in each case, the apparent viscosity of the cement increases greatly and the fluidity declines significantly as the amount of montmorillonite added is increased. With 1.0 mass% montmorillonite addition, the apparent viscosity is almost at the same level as that with no added dispersant. As reported previously (Atarashi et al. 2004b; Liu et al. 2013) , it is thought that the interaction between the comb-type superplasticizer and montmorillonite is very large, and that the dispersant is adsorbed preferentially on the montmorillonite. The amount adsorbed on the cement particles is therefore reduced significantly and the fluidity is lower as a result.
When 0.10 mass% GLNa setting retarder is added, the apparent viscosity of the cement increases slightly as the amount of montmorillonite increases, although the variation is small compared with the comb-type superplasticizer.
From the results in Sections 3.1 and 3.2, for the cement paste with comb-type superplasticizers P-34 or P-10S, the effect of montmorillonite on retardation and dispersion is significant. By comparison, when GLNa is added, the effect of montmorillonite is small. Figure 4 shows the amount of comb-type superplasticizers P-10S and P-34 and setting retarder GLNa adsorbed on cement particles when no montmorillonite is added, and the amount of P-10S, P-34 and GLNa adsorbed on cement particles for a 0.10 mass% dosage of montmorillonite.
Adsorption properties of superplasticizer and setting retarder on clay minerals
For P-10S and P-34, with no montmorillonite addition, the amounts of comb-type superplasticizer adsorbed are 0.42 mg/g and 0.39 mg/g, respectively. However, with 1.0 mass% addition of montmorillonite, the amounts adsorbed are 0.84 mg/g and 0.74 mg/g, respectively. Thus, the amount of comb-type superplasticizer adsorbed is almost doubled by the addition of 1 mass% montmorillonite.
For GLNa without and with 1.0 mass% montmorillonite addition, the amounts adsorbed are 0.80 mg/g and 0.85mg/g, respectively. Thus, although a slight increase occurs, this increase is small compared with the comb-type superplasticizer.
Using the following assumptions and estimation method, the amount of comb-type superplasticizer, P-10S, P-34 or setting retarder GLNa that was adsorbed on the 1g cement and 10 mg montmorillonite was estimated (assumption of the cement system without montmorillonite or with 1.0 mass% montmorillonite), and the effect of montmorillonite on the fluidity and hydration retardation was investigated. The assumptions were as follows (Sakai et al. 2006) . 1) The apparent viscosity of cement paste is determined by the adsorbed amount of P-10S, P-34 or GLNa.
Only the P-10S, P-34 or GLNa adsorbed onto cement affects the apparent viscosity of cement paste. 2) Montmorillonite particles do not influence the fluidity of cement paste.
3) The addition of montmorillonite reduces the adsorption of P-10S, P-34 or GLNa on the cement particles and the fluidity of cement paste with montmorillonite is decreased by the reduction of P-10S, P-34 or GLNa adsorption on the cement. Table 4 shows the estimated results. For the comb-type superplasticizer P-10S, when 1.0 mass% montmorillonite is added, 0.59 mg of P-10S is adsorbed preferentially on 10 mg of montmorillonite in 1 g of powder. It is therefore estimated that the amount adsorbed on cement particles is reduced significantly, from the 0.42 mg/g for no montmorillonite addition to 0.25 mg/g. A similar trend is seen for P-34. For 1.0 mass% montmorillonite addition, 0.52 mg is adsorbed into 10 mg of montmorillonite in 1 g of powder, and it is estimated that the amount adsorbed on the cement particles is reduced significantly from 0.39 mg/g for no addition of montmorillonite to 0.22 mg/g. It is thought that the significant reduction in comb-type superplasticizer adsorption on cement particles as a result of montmorillonite addition is the reason for the significant reduction in cement paste fluidity. (Apparent viscosity changes from 700 to 1900 mPa･s for P-10S and from 700 to 2000 mPa･s for P-34). The hydration retardation of cement is also decreased significantly by addition of 1.0 mass% montmorillonite (T 1 changes from 30 to 12 h for P-10S, and from 15 to 10 h for P-34). Further, the difference of hydration retardation between P-10S and P-34 with 1.0 mass% montmorillonite is smaller compared to that without montmorillonite because of the significant decrease of adsorption amount of superplasticizer. The amount of superplasticizer adsorbed on 1 g montmorillonite is 59.0 mg/g for P-10S and 52.0 mg/g for P-34. Therefore the adsorption of comb-type superplasticizer on montmorillonite is large, as has been reported previously (Sakai et al. 2006) , and it is thought that adsorption also occurs on the internal montmorillonite surfaces.
For the setting retarder GLNa, when 1.0 mass% of montmorillonite is added, the amount of adsorption on 10 mg of montmorillonite in 1 g of powder is 0.23 mg. Therefore, the reduction in montmorillonite adsorption is small compared with the comb-type superplasticizer. Also, although the amount adsorbed on cement particles was reduced from 0.80 mg/g to 0.62 mg/g, the percentage reduction is small compared with the comb-type superplasticizer. For the GLNa, even though there is an increase in the percentage of montmorillonite added, the change in amount of GLNa adsorbed on the cement particles is small. There is therefore almost no change in the hydration retardation (T 1 changes from 16 to 15 h). The fluidity did not change significantly even though the percentage of montmorillonite added increased. (Apparent viscosity changed from 700 to 900 mPa•s). The amount of GLNa adsorbed on 1 g montmorillonite is 23.0 mg/g, so it can be seen that the adsorption of GLNa on montmorillonite is smaller than the comb-type superplasticizer.
Interaction between clay minerals and superplasticizer and setting retarder
To examine in detail the interaction between montmorillonite and the dispersant and setting retarder, montmorillonite on its own was swollen in 0.3 mass% aqueous solution of comb-type superplasticizer P-34, P-10S and setting retarder GLNa, dried, and then the basal spacing of the montmorillonite was measured. It is important to consider the existence of calcium ions in cement system, so 0.1 mol/l CaCl 2 was blended. Table 5 shows the XRD peaks of the oriented samples of swollen montmorillonite and their basal spacings.
The basal spacing increases from 1.23 nm to 1.51 nm when the Ca 2+ concentration is increased by 0.1 mol/l. This is believed to occur because of the replacement of Na + by Ca 2+ between the montmorillonite layers (Kozaki et al. 1998) .
When the montmorillonite was swollen with comb-type superplasticizer P-10S or P-34 at 0.3 mass% with 0.1 mol/l Ca 2+ , the basal spacing after drying was 1.95 nm for P-34 and 2.16 nm for P-10S. These values are much larger than the 1.51 nm for no addition of dispersant or setting retarder. As reported previously (Sakai et al. 2006) , it is inferred that the comb-type superplasticizer is adsorbed on the internal montmorillonite surfaces.
After swelling with GLNa and drying, the basal spacing is 1.51 nm, so the change is small compared with no addition of dispersant or setting retarder. Therefore, unlike comb-type superplasticizers, it is believed that the GLNa is not adsorbed on the internal montmorillonite surfaces.
The adsorption behavior of comb-type superplasticizer P-34 and GLNa onto montmorillonite in the cement pore solution system was also examined. Cement pore solution was obtained from the 10 min mixed ordinary Portland cement paste (W/C; 1.0) by centrifugal separation. Figure 5 shows the adsorbed amount of P-34 or GLNa on 1 g montmorillonite in the cement pore solution system. The amount of adsorbed P-34 is much larger than that of GLNa. This is the same tendency as the data which we calculated in Table 4 .
As a summary of Sections 3.3 and 3.4, in the case of the comb-type superplasticizer, when montmorillonite is added, adsorption occurs on the end, front and internal surfaces of the montmorillonite. The amount of comb-type superplasticizer adsorbed on the cement particles is significantly reduced from 0.42 mg/g to 0.25 mg/g in the case of P-10S and from 0.39 mg/g to 0.22 mg/g in the case of P-34 by addition of 1 mass% montmorillonite for cement, so it is thought that this causes the reduction of the fluidity of cement paste. The hydration retardation of cement is also decreased significantly by addition of 1.0 mass% montmorillonite, however the difference of hydration retardation between P-10S and P-34 with 1.0 mass% montmorillonite is smaller compared with that without montmorillonite because of the significant decrease of adsorption amount of superplasticizer. For the GLNa, adsorption occurs on the end and front, but not on the internal surfaces of the montmorillonite, the amount adsorbed on cement particles was reduced from 0.80 mg/g to 0.62 mg/g, the percentage reduction is small compared with the comb-type superplasticizer. As a result, the hydration retardation is virtually unchanged, and the fluidity does not vary greatly even when the percentage montmorillonite added is increased.
Conclusions
Montmorillonite was added to OPC to represent the clay minerals mixed into a cementitious system. The effect of montmorillonite on the hydration reaction and fluidity of cement paste to which comb-type superplasticizer and GLNa setting retarder were added was investigated, with the objective of clarifying the interactions between the comb-type superplasticizer, GLNa and montmorillonite.
The following was concluded. 1) When 0.10 mass% P-34 comb-type superplasticizer is added, time (T 1 ) at which the heat liberation rate peaks is 15 h without montmorillonite, and thus the initial hydration of the cement is delayed compared with no superplasticizer addition. As the percentage of montmorillonite is increased, T 1 decreases. At 1.0 mass%, T 1 is 10 h, or the same value as when superplasticizer is not added. 2) When 0.10 mass% P-10S is added, the effect of superplasticizer on the initial cement hydration is particularly distinct. With no montmorillonite addition, T 1 is 30 h. Therefore, the initial hydration of cement is delayed compared with the same percentage addition of P-34. The dosage of 0.10 mass% of GLNa, with no montmorillonite, results in T 1 of 15 h. Therefore, there is almost no variation in T 1 with montmorillonite addition. 3) When 0.10 mass% comb-type superplasticizers P-10S and P-34 are added, in each case, the apparent viscosity of the cement increases significantly and the fluidity is reduced significantly as the amount of montmorillonite added is increased. With 1.0 mass% montmorillonite addition, the apparent viscosity is almost at the same level as that with no added dispersant. 4) When 0.10 mass% GLNa setting retarder is added, the apparent viscosity of the cement increases slightly as the amount of montmorillonite increases, although the variation is small compared with the comb-type superplasticizer. 5) The amount of comb-type superplasticizer adsorbed on the cement particles is significantly reduced from 0.42 mg/g to 0.25 mg/g in the case of P-10S and from 0.39 mg/g to 0.22 mg/g in the case of P-34 by addition of 1mass% montmorillonite for cement, so it is thought that this causes the reduction of the fluidity of cement paste. The hydration retardation of cement is also decreased significantly by addition of 1.0 mass% montmorillonite, however the difference of hydration retardation between P-10S and P-34 with 1.0 mass% montmorillonite is smaller compared to that without montmorillonite because of the significant decrease of adsorption amount of superplasticizer. 6) For the GLNa, the amount adsorbed on cement particles was reduced from 0.80 mg/g to 0.62 mg/g, a small percentage reduction compared with the comb-type superplasticizer. As a result, the hydration retardation is virtually unchanged, and the fluidity does not vary greatly even when the percentage montmorillonite added is increased. 
